The DNA sequence of part of the gnd (6-phosphogluconate dehydrogenase) gene was determined for eight wild strains of Escherichia coli and for Salmonella typhimurium. Since a region of the trp (tryptophan) operon and the phoA (alkaline phosphatase) gene have been sequenced from the same strains, the gene trees for these three regions were determined and compared. Gene trees are different from species or strain trees in that a gene tree is derived from a particular segment of DNA, whereas a species or strain tree should be derived from many such segments and is the tree that best represents the phylogenetic relationship of the species or strains. If there were no recombination in E. coli, the gene trees for different genes would not be statistically different from the strain tree or from each other. But, if the gene trees are significantly different, there must have been recombination. Methods are proposed that show these gene trees to be statistically different. Since the gene trees are different, we conclude that recombination is important in natural populations of E. coli. Finally, we suggest that gene trees can be used to create an operational means of defining bacterial species by using the biological species definition.
In bacteria, reproduction and exchange of chromosomal genes are discrete and independent functions, not tied together in one process as in most animals and plants. Thus, all reproduction in bacteria is asexual, and all genetic exchange is due to processes other than reciprocal recombination. In this paper, we shall continue to refer to transfer of genetic material from one strain to another as recombination, even though horizontal gene transfer would be more accurate, since recombination is the term used in population genetics to indicate the process that breaks down linkage disequilibrium. The amount of genetic transfer or sex will vary from species to species, and the size of the exchanged fragment of DNA will depend upon which of the three known mechanisms is involved (18) . For example, transduction-mediated recombination is expected to transfer sections in the range of tens of kilobases of DNA or a minute or two of the genetic map, whereas conjugation can transfer regions of hundreds to thousands of kilobases. Transformation is unlikely to be important in Escherichia coli.
The extent to which recombination affects the genetic structure of bacteria remains a question. If there is no chromosomal recombination in a bacterial species, then all individuals of a species are related by clonal descent, even though they are phenotypically different because of accumulated mutations. If a species is clonal, the phylogenies of different genes from the same strains will be the same; i.e., genes of one strain would share the same most recent common ancestor with genes of another strain. If, on the other hand, recombination is important, the phylogenies of different genes from the same strains will be different; i.e., the common ancestors of different genes from the same pair of strains will be different. Figure 1 illustrates this idea. Imagine a cell dividing into of the fact that recombination mixes the phylogenetic relationships of the strains. Thus, if one can show that different genes from the same strains have statistically different phylogenies, either in the branching order as in the example above or in the time of the last common ancestor as judged by the relative rates of accumulated base pair change, then the result indicates that recombination is an important parameter in creating the observed distribution of genotypes in the species.
Over the last few years much information has accumulated to support the clonal model of the population structure of E. coli (1, 30, 35) . This model suggests that chromosomal recombination is restricted in nature to such a degree that individual cells lines persist as stable clones over long periods of time, so long that members of the same clone can be found around the world. Certain pathogenic clones, in which the various isolates are indistinguishable by electrophoresis, biotyping, and serotyping, have a world-wide distribution and have been isolated over the last 40 years (1, 2, 28) . Evidence of the clonal population structure of E. coli as a whole is indicated by the strong linkage disequilibrium among many of the 12 enzyme loci analyzed in 302 electrophoretic types representing 1,690 isolates (29, 46 To test this hypothesis, we cloned and sequenced 770 bases in the middle of the gnd (6-phosphogluconate dehydrogenase) gene for eight of the E. coli strains that were sequenced for trp and the homologous region of gnd from Salmonella typhimurium (9) . The data from these two genes, plus additional data on the sequence of the alkaline phosphatase (phoA) gene from the same strains, is analyzed by using statistical methods to determine the likelihood of recombination. This analysis has implications for the way species can be defined in bacteria.
MATERIALS AND METHODS
Strains. E. coli RM39A, RM191F, RM201C, RM217T, RM45E, RM70B, RM224H, and RM2021 were obtained from R. Milkman (22) . They are included in the ECOR collection (27) as numbers 4, 16, 45, 67, 69, 70, 68 , and 65, respectively. We confirmed that the strains from R. Milkman and the comparable strains from the ECOR collection are the same strains by comparing mobility of 6-phosphogluconate dehydrogenase on cellulose-acetate strips (20) and by comparing the insertion sequence pattern on Southern blots (33) . The S. typhimurium LT2 used was obtained from J. Roth.
Cloning and sequencing. The DNA sequence of gnd for the K-12 strain was obtained from R. E. Wolf (23) . The sequence used represents positions 405 through 1172 in the numbering system of Nasoff et al. (23) . Southern blots of restriction enzyme digests of genomic DNA from the nine strains were probed with the gnd fragment, which was a 2.9-kb BglIIEcoRI fragment covering the 1.4-kb gnd gene. This probe was isolated from pMN4, which was provided by R. E. Wolf (24) . Restriction enzymes that yielded single hybridizing fragments between 3 and 8 kb in size were used for preparative digests of genomic DNA. For each allele, fragments of about the size of the gnd fragment were isolated from agarose gels and cloned into pBR322. Transformants were selected for gnd enzyme function (growth on gluconate). Figure 2 shows the restriction maps of these clones. The allele numbers refer to the strains from which the alleles were obtained. The gnd alleles are aligned and oriented such that the direction of synthesis is from left to right. All of the alleles contain a PstI site at nucleotide 1172 (numbering as in reference 23). Thus this site was used for subcloning into M13, and all of the clones were oriented such that this site was adjacent to the universal primer. Two alleles contained PstI sites at nucleotide 405, defining a sequence of 770 bases within gnd which was used for the analysis. The other alleles were subcloned into M13 by using convenient restriction sites so that the homologous 770 bases could be sequenced in all alleles. The LT2 strain had no convenient sites, and two subclones had to be used.
Sanger dideoxy sequencing was accomplished initially with an M13 universal primer and later with custom-made oligonucleotides. The sequence of the K-12 allele was compared with the new sequence generated, checking each difference. About 20% was sequenced from both directions. No errors were found when the two strands were compared.
Tree construction and testing. Gene phylogenies were constructed as follows. The percent divergence (p) of DNA sequence for each pair of strains was calculated and converted to the Jukes-Cantor distance (d), which corrects for multiple changes at the same site. The formula for this distance measure and its variants were published by Nei (25) . The distance gene trees were constructed by the unweighted pair-group method with the arithmetic mean (25) . The standard errors of the branch nodes were calculated by the method of Nei et al. (26) .
The parsimony gene trees were constructed by using the phylogenetic analysis program PAUP (version 2.3.2; David Swofford, Illinois Natural History Survey, Champaign) and rooted by using the Salmonella sequence as the outgroup. The statistical comparison of different gene trees was done by using the method of Templeton (45) as modified by Felsenstein (11) . This test, in its simplest form, is a binomial sign test of whether there are more characters supporting one tree over another, with the null hypothesis being that any character is equally likely to support either of the two trees.
A statistical test for the difference in time to the last common ancestor is based on the assumption that branch length is a measure of time and that the rates of change are the same for different genes. In this test which is based on the t test, the percentage change (p) is used. The distance (d) could also have been used. Since the variance of p is a function of p, the variable has to be transformed such that the variance is constant and independent. Therefore the where Pi, is the proportion of nucleotides different between strain pair i for gene 1, P 2 is the proportion for the same pair of strains for gene 2, and n1 and n2 are the numbers of nucleotides sampled for genes 1 and 2, respectively (42). Since we do not know whether even the arcsin-transformed percentages will follow a t distribution, given that they were derived from an evolutionary process rather than independent sampling from a constant distribution, we will call these pseudo-t values.
There will be n(n -1)/2 of these pseudo-t tests for n strains. We expect some number of comparisons to be significant by chance. The critical value can be adjusted so that one has confidence at a certain level that comparisons are significant. With multiple tests, the equation of Sidak (38) is used to adjust the significance values:
where k is the number of comparisons and a is the desired significance level (usually 0.05). This measure assumes that the tests are independent, which in this case they are not.
Nucleotide sequence accession numbers. The nucleotide sequence data in this paper have been submitted to GenBank. The primary strain numbers are the ECOR numbers with the RM numbers as isolate number. The accession numbers are as follows: M64324 for ECOR4 (RM39A), M64325 for ECOR16 (RM191F), M64326 for ECOR45 (RM201C), M64327 for ECOR67 (RM217T), M64328 for ECOR69 (RM45E), M64329 for ECOR70 (RM70B), M64330 for ECOR68 (RM224H), M64331 for ECOR65 (RM2021), and M64332 for S. typhimurium LT2.
RESULTS
Sequences. The sequences are given in Fig. 3 *1150 mine the importance of recombination in E. coli is to compare the trees created from different genes in the same strains. This procedure is based on the assumption that the sequences have evolved independently, i.e., that there is no intragenic recombination. Intragenic recombination decreases the resolution of these tests, since it blends sequences together until each is about the same distance from all others. Thus the relative rates of intragenic versus intergenic recombination are important. If recombination typically introduces pieces considerably larger than the region of each gene sequenced, then the frequency of intragenic recombination will be less than the frequency of recombination between two well-spaced genes. The presence of intragenic recombination has been shown for both gnd (4, 32) and phoA (7) sequences, where short sequences of 200 to 500 bp have been inserted, and for the region near trp (44) , where a unique deletion and a unique rearrangement are found in all possible combinations. In addition, although the variation at the trp locus is too low to analyze the data statistically, the variation seems to be clustered as if there are either hot spots of mutation (22) or intragenic recombination. It is clear that intragenic recombination occurs, but is it an amount sufficient to invalidate the use of tree-building algorithms?
To answer this question, pairwise G tests for goodness of fit were performed on the gnd data. The sequence was broken into 12-bp blocks, giving 64 blocks. The numbers of blocks for each pair of sequences with zero, one, two, three, four, or five and greater differences were determined. The expected number of blocks in each class was estimated by determining the total number of differences and distributing these into blocks by the Poisson process. The determined G values are given in Table 1 . For individual values, the chi-square value for five degrees of freedom at 5% significance is 11.07. Only 2 of the 45 values are above this value, which is the expected frequency of false-positives. Since there are multiple nonindependent tests, the critical value for significance was adjusted by using equation 2 to 20.3 for k = n(n -1)/2 and 16.3 for k = n. No values are significant, and this implies that the changes along the sequence are homogeneous enough to treat the sequences as independent lineages for the purpose of estimating gene trees.
Evidence of intergenic recombination. Table 2 gives the percent differences between pairs of strains for gnd and for trp. The percent divergence between the Salmonella sequence and the E. coli sequences for trp is between 16 This means that the branch lengths will be about equal and that the unweighted pair-group method with the arithmetic mean can be used to approximate the true tree. The percent differences were converted to distances, and the trees for gnd and trp were derived with standard errors of the node position. It thus seems clear from comparing these trees (Fig. 4) (Fig. 5) .
The distance tree for phoA (Fig. 6) is derived from the data of DuBose et al. (7) . Note that the scale is much different for this tree. This tree is more complex, so a systematic method of group creation has to be formalized. The phoA alleles from strains K-12, RM191F, and RM201C form a group. This branch is then eliminated, and consequently node 4 is eliminated. The error bars for nodes 5 and 6 overlap, but are not significantly different from each other at the 5% tree is significantly different from both gnd trees at th place the gnd allele from strain RM191F in ve places. The distance tree places it outside the allele, whereas the parsimony tree places it (strg 7) within both the Salmonella outgroup (data not the allele from RM39A (strain 1 in Fig. 7) . TI joining method (31) is more likely to give the ( than is either of the other methods (15, 43) . 1 placed the gnd+ from RM191F within the alle typhimurium and RM39A, as did the parsimony t The longer branch length of the gnd+ from RM19 that the rate of evolution of the gnd+ from R faster than expected. Consequently, the equal r; tion of the unweighted pair-group method with th mean is invalidated for this strain, and the correc place the common ancestor of the gnd+ from R the other gnd alleles from E. coli after the specii S. typhimurium.
(iii) Test for significant of differences in distancev ancestors. The differences in branch lengths are the gnd and trp trees (Fig. 4) . This could be differences in the rate of evolution of the genes oi gnd Table 3 shows the values from the comparison between gnd and trp. When the value is positive the gnd distance between the two strains is longer than the trp distance and when the value is negative, it is reversed. The comparisons between the Salmonella strain and the various E. coli strains are not significant, showing that the rates of evolution for gnd and trp alleles are not significantly different. Since most of the values for the comparison between S. typhimurium and E. coli are negative, the trp locus may be evolving faster than gnd. The only positive value is the comparison between Salmonella alleles and the alleles from strain RM191F, tance trees of confirming the previous observation that the gnd allele from 8 indicate the this strain is evolving a little faster than expected. These RM191F; 3, effects are very small compared with the differences in RM224H; 8, distance between genes within the E. coli strains. Conse-'trees of gnd quently the differences in the distances in trp and gnd cannot level; the trp be explained by differences in the rate of evolution of the e 1% level.
genes. Any significant differences in distance between pairs of strains for these genes must be because of different common ancestors, i.e., recombination. For example, the bry different ancestral gene of the K-12 trp and the RM191F trp is recent, Salmonella since these sequences are identical; but the ancestors of the ain 2 in Fig. K-12 gnd and the RM191F gnd must have diverged very long shown) and ago, since these sequences are so different. he neighbor
All the values comparing E. coli strains are positive, and correct tree most are significant if tested individually (32 out of 36). Since 'his method there are multiple comparisons, the significance level for 5% les from S.
for the group is 3.21. Even with this value, 30 out of 36 tree (Fig. 8) .
values are significant. I1F suggests An outgroup sequence was not determined to confirm that M191F was the rate of evolution is the same in phoA as in the other two ate assumpgenes, since S. typhimurium does not contain a gene that is e arithmetic homologous to phoA (8) . Sharp and Li (36) have shown there t tree would is a strong negative correlation between the rate of diver-.M191F and gence of homologous E. coli and Salmonella genes and the es split with codon adaptation index (37) . The codon adaptation index is a measure of the degree of codon usage bias toward codons sto common that are favored by highly expressed genes. The codon obvious for adaptation index for phoA is 0.35 compared with 0.38 for the because of trp region and 0.55 for gnd. This is about what is expected r because of for a gene that codes for a protein synthesized intermittently or in moderate amounts. Thus we will assume that the rates of evolution of all three genes are equivalent and that gfld (K12) significant tests imply recombination.
gnd (RM70B) Table 4 shows the values from the comparison between gnd and phoA and between phoA and trp. As expected, most gnd (RM45E)
of the values for the comparison between gnd and phoA are gnd (RM2024 significant. The importance of recombination may be only for gnd. Thus the test between trp and phoA is important. gnd (RM217Tr)
Even after correction for multiple comparisons so the critical gnd (RM201C) value is 3.21, 12 values would be considered significant, implying multiple recombinations.
DISCUSSION
Recombination in E. coli. The results from this study clearly show that there is a tremendous amount of recombination and that this recombination is important in structuring the genetics of E. coli. Similar results were also seen when a gene tree for gnd for other wild strains of the ECOR collection was compared with the phenogram generated from multilocus enzyme electrophoresis (4) . Figure 5 shows that all strains except the pair K-12 and RM201C and the pair RM45E and RM224H have to have had a recombination event that replaced all or most of at least one of the genes. Even these exceptional pairs of stains show evidence of recombination when distances are considered. Tables 3 and 4 show that the percent differences are significantly different for the different genes in these pairs of strains. For the pair K-12 and RM201C the gnd alleles are clearly more different from each other than are either of the alleles from the other two genes, which are not significantly different from each other. This strongly suggests that at least one of the gnd alleles was recombined into a strain, whereas the other genes could represent clonal frame genes. Clonal frame refers to those genes in a particular strain that have not been replaced by recombination since some designated time (21) (22a, 28, 35) . Group A contains K-12 and ECOR strains 1 through 25. The presumption is that this is a recently arisen clone in which the clonal frame has not been made unrecognizable by recombination. Since K-12, RM191F, and RM201C are very similar in two of three genes, it could be surmised that these genes are part of the clonal frame and thereby that all three of these strains are group A strains. RM191F is the same as ECOR16, which is a group A strain, but RM201C is the same as ECOR45, which is not a group A strain. Thus, either both genes have be significantly different, whereas the phylogeny of genes from individuals of different species should not be significantly different. Thus we have an operational criterion for the defining of bacterial species. Consider 15 hypothetical strains of bacteria isolated from nature from which one is interested in determining the number of species. Portions of a few genes are sequenced in each strain, and gene trees are derived. These trees are tested, and it is found that the gene trees are inconsistent only within certain groups. For example, the branching pattern of strains 3 through 6 ( Fig. 9) is different for different genes, but these strains are always grouped together for all genes. Thus they would be judged as members of the same species and as a different species from the other strains. Likewise strains 7 through 11 would be judged as members of a second species, and strains 12 through 15 would be judged as members of a third species. Since at least three strains are required to obtain inconsistencies in the gene trees, this method can not determine if stains 1 and 2 are members of the same species or represent different species. However, a decision can be made by using the genetic distances between strains 1 and 2 for the various genes. One of the other strains can be chosen as the out group, and the rates of evolution can be determined to find out whether they are the same for the various genes. If they are, the distances for pairs of genes for strains 1 and 2 can be tested with the pseudo-t test. If the distances are significantly different, they would be judged to be members of the same species, whereas if the distances are not significantly different, they would be members of different species.
In this paper we have shown that, within E. coli, the gene trees are significantly different. It could be argued that horizontal gene transfer between what we call different species is so common that the method proposed in this paper will never resolve differences between species. Therefore, the other part of the requirement is to show that different genes from individuals of different species provide an estimation of the same tree. This was not tested directly in this study, but there is evidence (36) that S. typhimurium and E. coli are separate species by this definition. When homologous genes from E. coli K-12 and S. typhimurium LT2 are compared, none are so similar that they could represent recent horizontal transfer and the range of percent divergence can be explained by different constraints on codon usage (36) . Horizontal gene transfer would destroy this
